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(57) ABSTRACT

Disclosed herein are various methods of forming replacement
gate structures with a recessed channel region. In one
example, the method includes forming a sacrificial gate struc-
ture above a semiconducting substrate, removing the sacrifi-
cial gate structure to thereby define an initial gate opening
having sidewalls and to expose a surface of the substrate and
performing an etching process on the exposed surface of the
substrate to define a recessed channel in the substrate. The
method includes the additional steps of forming a sidewall
spacer within the initial gate opening on the sidewalls of the
initial gate opening to thereby define a final gate opening and
forming a replacement gate structure in the final gate opening.
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METHODS OF FORMING REPLACEMENT
GATE STRUCTURES WITH A RECESSED
CHANNEL

BACKGROUND OF THE INVENTION

1. Field of the Invention

Generally, the present disclosure relates to the manufactur-
ing of sophisticated semiconductor devices, and, more spe-
cifically, to various methods of forming replacement gate
structures with a recessed channel region.

2. Description of the Related Art

The fabrication of advanced integrated circuits, such as
CPU’s, storage devices, ASIC’s (application specific inte-
grated circuits) and the like, requires the formation of a large
number of circuit elements in a given chip area according to
a specified circuit layout, wherein field effect transistors
(NFET and PFET transistors) represent one important type of
circuit element used in manufacturing such integrated circuit
devices. A field effect transistor, irrespective of whether an
NFET transistor or a PFET transistor is considered, typically
comprises doped source and drain regions that are formed in
a semiconducting substrate that are separated by a channel
region. A gate insulation layer is positioned above the channel
region and a conductive gate electrode is positioned above the
gate insulation layer. By applying an appropriate voltage to
the gate electrode, the channel region becomes conductive
and current is allowed to flow from the source region to the
drain region.

For many early device technology generations, the gate
electrode structures of most transistor elements have com-
prised a plurality of silicon-based materials, such as a silicon
dioxide and/or silicon oxynitride gate insulation layer, in
combination with a polysilicon gate electrode. However, as
the channel length of aggressively scaled transistor elements
has become increasingly smaller, many newer generation
devices employ gate electrode stacks comprising alternative
materials in an effort to avoid the short-channel effects which
may be associated with the use of traditional silicon-based
materials in reduced channel length transistors. For example,
in some aggressively scaled transistor elements, which may
have channel lengths on the order of approximately 14-32 nm,
gate electrode stacks comprising a so-called high-k dielectric/
metal gate (HK/MG) configuration have been shown to pro-
vide significantly enhanced operational characteristics over
the heretofore more commonly used silicon dioxide/polysili-
con (SiO/poly) configurations. These metal gate electrode
materials may include, for example, one or more layers of
titanium (Ti), titanium nitride (TiN), titanium-aluminum
(TiAl), aluminum (Al), aluminum nitride (AIN), tantalum
(Ta), tantalum nitride (TaN), tantalum carbide (TaC), tanta-
lum carbonitride (TaCN), tantalum silicon nitride (TaSiN),
tantalum silicide (TaSi), and the like.

One well-known processing method that has been used for
forming a transistor with a high-k/metal gate structure is the
so-called “gate last” or “replacement gate” technique. FIGS.
1A-1D depict one illustrative prior art method for forming an
HK/MG replacement gate structure using a gate last tech-
nique. As shown in FIG. 1A, the process includes the forma-
tion of a basic transistor structure 100 above a semiconduct-
ing substrate 10 in an active area defined by a shallow trench
isolation structure 11. At the point of fabrication depicted in
FIG. 1A, the device 100 includes a sacrificial gate insulation
layer 12, a dummy or sacrificial gate electrode 14, sidewall
spacers 16, a layer of insulating material 17 and source/drain
regions 18 formed in the substrate 10. The various compo-
nents and structures of the device 100 may be formed using a
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2

variety of different materials and by performing a variety of
known techniques. For example, the sacrificial gate insulation
layer 12 may be comprised of silicon dioxide, the sacrificial
gate electrode 14 may be comprised of polysilicon, the side-
wall spacers 16 may be comprised of silicon nitride and the
layer of insulating material 17 may be comprised of silicon
dioxide. The source/drain regions 18 may be comprised of
implanted dopant materials (N-type dopants for NFET
devices and P-type dopant for PFET devices) that are
implanted into the substrate 10 using known masking and ion
implantation techniques. Of course, those skilled in the art
will recognize that there are other features of the transistor
100 that are not depicted in the drawings for purposes of
clarity. For example, so-called halo implant regions are not
depicted in the drawings, as well as various layers or regions
of'silicon germanium that are typically found in high-perfor-
mance PFET transistors. At the point of fabrication depicted
in FIG. 1A, the various structures of the device 100 have been
formed and a chemical mechanical polishing process (CMP)
has been performed to remove any materials above the sacri-
ficial gate electrode 14 (such as a protective cap layer (not
shown) comprised of silicon nitride) so that the sacrificial
gate electrode 14 may be removed.

As shown in FIG. 1B, one or more etching processes are
performed to remove the sacrificial gate electrode 14 and the
sacrificial gate insulation layer 12 to thereby define a gate
opening 20 where a replacement gate structure will subse-
quently be formed. A masking layer that is typically used in
such etching processes is not depicted for purposes of clarity.
Typically, the sacrificial gate insulation layer 12 is removed as
part of the replacement gate technique, as depicted herein.
However, the sacrificial gate insulation layer 12 may not be
removed in all applications.

Next, as shown in FIG. 1C, various layers of material that
will constitute a replacement gate structure 30 are formed in
the gate opening 20. However, although not depicted in the
drawings, the generally square-edged gate opening may
cause certain problems in forming such layers of material in
the gate opening 20. For example, such a square-edged gate
opening 20 may lead to the formation of voids in one or more
of the layers of material that will be formed in the gate
opening 20. In one illustrative example, the replacement gate
structure 30 is comprised of a high-k gate insulation layer
30A having a thickness of approximately 2 nm, a work func-
tion adjusting layer 30B comprised of a metal (e.g., a layer of
titanium nitride with a thickness of 2-5 nm) and a bulk metal
layer 30C (e.g., aluminum). Ultimately, as shown in FIG. 1D,
a CMP process is performed to remove excess portions of the
gate insulation layer 30A, the work function adjusting layer
30B and the bulk metal layer 30C positioned outside of the
gate opening 20 to define the replacement gate structure 30.

Device designers are under constant pressure to improve
the electrical performance characteristics of semiconductor
devices, such as transistors, and the overall performance
capabilities of integrated circuit devices that incorporate such
devices. One technique that has been and continues to be
employed to improve the performance of such transistors is to
reduce or scale the channel length of such transistors. As
device dimensions have decreased, device designers have
resorted to other techniques to improve device performance.
One such method involves the use of channel stress engineer-
ing techniques on transistors to create a tensile stress in the
channel region for NFET transistors and to create a compres-
sive stress in the channel region for PFET transistors. These
stress conditions improve charge carrier mobility of the
devices—electrons for NFET devices and holes for PFET
devices.
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One commonly employed stress engineering technique
involves the formation of specifically made silicon nitride
layers that are selectively formed above appropriate transis-
tors, i.e., a layer of silicon nitride that is intended to impart a
tensile stress in the channel region of an NFET transistor
would only be formed above the NFET transistors. Such
selective formation may be accomplished by masking the
PFET transistors and then blanket depositing the layer of
silicon nitride, or by initially blanket depositing the layer of
silicon nitride across the entire substrate and then performing
an etching process to selectively remove the silicon nitride
from above the PFET transistors. Conversely, for PFET tran-
sistors, a layer of silicon nitride that is intended to impart a
compressive stress in the channel region of a PFET transistor
is formed above the PFET transistors. The techniques
employed in forming such nitride layers with the desired
tensile or compressive stress are well known to those skilled
in the art. Another stress engineering technique that is typi-
cally employed when forming a PFET transistor involves the
formation of epitaxial-deposited silicon-germanium source/
drain regions, and the formation of an epitaxial-deposited
silicon-germanium layer under the channel region of the
PFET device. Additional stress engineering techniques that
have been performed on NFET transistors include the forma-
tion of silicon-carbon source/drain regions to induce a desired
tensile stress in the channel region of an NFET transistor.

In general, it is more beneficial if the stress-inducing mate-
rial is positioned as close as reasonably possible to the chan-
nel region of the transistor. Moreover, to the extent possible,
any process flow used in forming such stress-inducing mate-
rial should be implemented in a manner such that relaxation
of the induced stress in the channel region caused by subse-
quent processing operations is limited.

Another issue that device designers have had to address
relates to the formation of conductive contacts to the source/
drain regions of a transistor. Ideally, the resistance between
the conductive contact and the source/drain region is as small
as possible. To that end, in most modern semiconductor
devices, metal silicide regions are formed in the source and
drain regions to reduce the contact resistance. The typical
steps performed to form metal silicide regions are: (1) depos-
iting a layer of refractory metal; (2) performing an initial
heating process causing the refractory metal to react with
underlying silicon-containing material; (3) performing an
etching process to remove unreacted portions of the layer of
refractory metal; and (4) performing an additional heating
process to form the final phase of the metal silicide. The
details of such silicidation processes are well known to those
skilled in the art.

Additionally, many current generation devices are formed
with raised source/drain regions, i.e., the upper surface of the
source/drain region is at a level that is above the nominal
surface of the substrate. This structure and technique is
employed to reduce the contact resistance of the device. How-
ever, depending upon the type of device under construction,
the formation of these raised source/drain regions can involve
additional epitaxial deposition processes which lead to
increased manufacturing time and cost.

The present disclosure is directed to various, more efficient
methods of forming replacement gate structures with a
recessed channel region that may at least reduce or eliminate
one or more of the problems identified above.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the inven-
tion in order to provide a basic understanding of some aspects
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of'the invention. This summary is not an exhaustive overview
of the invention. It is not intended to identify key or critical
elements of the invention or to delineate the scope of the
invention. Its sole purpose is to present some concepts in a
simplified form as a prelude to the more detailed description
that is discussed later.

Generally, the present disclosure is directed to various
methods of forming replacement gate structures with a
recessed channel region. In one example, the method includes
forming a sacrificial gate structure above a semiconducting
substrate, removing the sacrificial gate structure to thereby
define an initial gate opening having sidewalls and to expose
a surface of the substrate and performing an etching process
on the exposed surface of the substrate to define a recessed
channel in the substrate. The method includes the additional
steps of forming a sidewall spacer within the initial gate
opening on the sidewalls of the initial gate opening to thereby
define a final gate opening and forming a replacement gate
structure in the final gate opening.

Another illustrative method disclosed herein of forming a
transistor includes the steps of forming a sacrificial gate struc-
ture above a semiconducting substrate, forming a plurality of
source/drain regions for the transistor, wherein the source/
drain regions have an upper surface, removing the sacrificial
gate structure to thereby define an initial gate opening having
sidewalls and to expose a surface of the substrate and per-
forming an etching process through the initial gate opening
on the exposed surface of the substrate to define a recessed
channel in the substrate, wherein the upper surface of the
source/drain regions is positioned at a level that is above a
level of the recessed channel. In this example, the method
includes the additional steps of forming a sidewall spacer
within the initial gate opening on the sidewalls of the initial
gate opening to thereby define a final gate opening having a
non-square-edged entrance and forming a replacement gate
structure in the final gate opening, wherein the replacement
gate structure includes a gate insulation layer comprised of a
high-k insulating material and a gate electrode comprised of
at least one metal layer.

One illustrative embodiment of a device disclosed herein
includes a semiconducting substrate having an upper surface,
a recessed channel formed in the substrate, wherein the
recessed channel has an upper surface that is at a level that is
below a level of the upper surface of the substrate, a tapered
surface extending between the upper surface of the recessed
channel and the upper surface of the substrate, a gate insula-
tion layer formed on the recessed channel and a gate electrode
formed above the gate insulation layer.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be understood by reference to the
following description taken in conjunction with the accom-
panying drawings, in which like reference numerals identify
like elements, and in which:

FIGS. 1A-1D depict one illustrative prior art process flow
for forming a semiconductor device using a gate last
approach; and

FIGS. 2A-2G depict various illustrative examples of form-
ing replacement gate structures with a recessed channel
region.

While the subject matter disclosed herein is susceptible to
various modifications and alternative forms, specific embodi-
ments thereof have been shown by way of example in the
drawings and are herein described in detail. It should be
understood, however, that the description herein of specific
embodiments is not intended to limit the invention to the
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particular forms disclosed, but on the contrary, the intention is
to cover all modifications, equivalents, and alternatives fall-
ing within the spirit and scope of the invention as defined by
the appended claims.

DETAILED DESCRIPTION

Various illustrative embodiments of the invention are
described below. In the interest of clarity, not all features of an
actual implementation are described in this specification. It
will of course be appreciated that in the development of any
such actual embodiment, numerous implementation-specific
decisions must be made to achieve the developers’ specific
goals, such as compliance with system-related and business-
related constraints, which will vary from one implementation
to another. Moreover, it will be appreciated that such a devel-
opment effort might be complex and time-consuming, but
would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure.

The present subject matter will now be described with
reference to the attached figures. Various structures, systems
and devices are schematically depicted in the drawings for
purposes of explanation only and so as to not obscure the
present disclosure with details that are well known to those
skilled in the art. Nevertheless, the attached drawings are
included to describe and explain illustrative examples of the
present disclosure. The words and phrases used herein should
be understood and interpreted to have a meaning consistent
with the understanding of those words and phrases by those
skilled in the relevant art. No special definition of a term or
phrase, i.e., a definition that is different from the ordinary and
customary meaning as understood by those skilled in the art,
is intended to be implied by consistent usage of the term or
phrase herein. To the extent that a term or phrase is intended
to have a special meaning, i.e., a meaning other than that
understood by skilled artisans, such a special definition will
be expressly set forth in the specification in a definitional
manner that directly and unequivocally provides the special
definition for the term or phrase.

The present disclosure is directed to various methods of
forming replacement gate structures with a recessed channel
region. As will be readily apparent to those skilled in the art
upon a complete reading of the present application, the
present method is applicable to a variety of technologies, e.g.,
NFET, PFET, CMOS, etc., and is readily applicable to a
variety of devices, including, but not limited to, ASICs, logic
devices, memory devices, etc. With reference to FIGS.
2A-2G, various illustrative embodiments of the methods and
devices disclosed herein will now be described in more detail.

FIG.2A is a simplified view of an illustrative transistor 200
at an early stage of manufacturing. The transistor 200 may be
either an NFET transistor or a PFET transistor. The transistor
200 is formed in and above an active region defined by iso-
lation structures 211 formed in a semiconducting substrate
210. The substrate 210 may have a variety of configurations,
such as the depicted bulk silicon configuration. The substrate
210 may also have a silicon-on-insulator (SOI) configuration
that includes a bulk silicon layer, a buried insulation layer and
an active layer, wherein semiconductor devices are formed in
and above the active layer. Thus, the terms substrate or semi-
conductor substrate should be understood to cover all forms
of semiconductor structures. The substrate 210 may also be
made of materials other than silicon.

At the point of fabrication depicted in FIG. 2A, the tran-
sistor 200 includes a sacrificial gate structure 205 comprised
of a sacrificial gate insulation layer 205A, a dummy or sac-
rificial gate electrode 205B, sidewall spacers 216, a layer of
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insulating material 217, a stress-inducing layer 218 and
source/drain regions 231 formed in the substrate 210. The
various components and structures of the device 200 may be
formed using a variety of different materials and by perform-
ing a variety of known techniques.

For example, the sacrificial gate insulation layer 205A may
be comprised of silicon dioxide, the sacrificial gate electrode
205B may be comprised of polysilicon, the sidewall spacers
216 may be comprised of silicon nitride and the layer of
insulating material 217 may be comprised of silicon dioxide.
The stress-inducing layer 218 may be comprised of silicon
nitride and it may be manufactured in such a way so as to
impart a desired stress (tensile for an NFET transistor or
compressive for a PFET transistor) on what will become the
channel region of the transistor 200. The techniques used to
form the stress-inducing layer 218 such that it has the desired
stress properties are well known to those skilled in the art. The
thickness of the various layers of material may vary depend-
ing on the particular application and the device under con-
struction. For example, the sidewall spacer 216 may have a
base thickness that ranges from 10-30 nm.

The source/drain regions 231 may be comprised of
implanted dopant materials (N-type dopants for NFET
devices and P-type dopant for PFET devices) that are
implanted into the substrate 210 using known masking and
ion implantation techniques. In the depicted example, the
source/drain regions 231 are formed by epitaxially depositing
a semiconductor material, e.g., silicon-germanium, in sigma-
shaped cavities 213. The depth of the cavities 213 may vary
depending on the particular application. In one illustrative
embodiment, the sigma-shaped cavities 213 may be formed
by performing an initial dry anisotropic etching process to
define an initial trench and thereafter performing a crystalline
orientation-dependent etching process to complete the forma-
tion of the sigma-shaped cavities 231. Such a crystalline
orientation-dependent etching process is performed using a
crystalline orientation-dependent etchant which has an etch
rate that varies based upon the crystalline structure of the
silicon substrate 210. Examples of such crystalline orienta-
tion-dependent etchants include TMAH (tetra methyl ammo-
nium hydroxide), KOH (Potassium Hydroxide), EDP (Ethyl-
ene-Diamene-Pyrocatechol), etc. When etching crystalline
silicon, TMAH exhibits a higher etch rate in the direction
defined by the <100> plane than it does in the direction
defined by the <111> plane, which are both depicted in FIG.
2A. After a complete reading of the present application, those
skilled in the art will readily appreciate that the inventions
disclosed herein are not limited to devices that employ the
illustrative sigma-shaped source/drain regions 231 depicted
in FIG. 2A. Those skilled in the art will also recognize that
there are other features of the transistor 200 that are not
depicted in the drawings for purposes of clarity. For example,
so-called halo implant regions are not depicted in the draw-
ings, as well as various layers or regions of silicon-germa-
nium that are typically found in high performance PFET
transistors. At the point of fabrication depicted in FIG. 2A, the
sacrificial gate structure 205 has been exposed and is ready
for removal.

Next, as shown in FIG. 2B, one or more etching processes
are performed to remove the sacrificial gate electrode 205B
and the sacrificial gate insulation layer 205 A to thereby define
aninitial gate opening 220 where a replacement gate structure
will subsequently be formed. The initial gate opening 220 has
sidewalls 2208 that, in the illustrative embodiment depicted
in the drawings, correspond to the inside surface 216A of the
spacers 216. This etching process exposes the surface 210S of
the substrate 210 for further processing. A masking layer that
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is typically used in such etching processes is not depicted for
purposes of clarity. It should be noted that, in one illustrative
embodiment, the formation of the sigma-shaped cavity 213 is
controlled such that the inward peak penetration 213A of the
cavity 213 is positioned a distance 221 inward of the sidewalls
220S of the initial gate opening 220. The magnitude of this
distance 221 may vary depending upon the application and
the device under construction. In one illustrative embodi-
ment, the distance 221 may range from about 0-5 nm.

Next, as shown in FIG. 2C, in one illustrative embodiment,
an anisotropic etching process 235 is performed through the
initial gate opening 220 using, for example, a crystalline
orientation-dependent etching process using KOH or TMAH,
to define a recessed channel 226 in the substrate 210 for the
transistor 200. This etching process creates a recessed surface
210RS in the substrate 210. These illustrative crystalline ori-
entation-dependent wet etching process etches are anisotro-
pic and etch silicon at different rates along different crystal
orientations. The recessed channel 226 may also be created
by performing a wet, gaseous or plasma etching process (or
combinations thereof) through the gate opening 220, wherein
such wet, gaseous or plasma etching processes may exhibit a
combination of isotropic and anisotropic etching mecha-
nisms. The depth 223 of the recessed channel 226 may vary
depending upon the particular application and the type of
device under construction. For example, in some embodi-
ments, the depth 223 may range from about 10-30 nm. In one
particularly illustrative example where the transistor 200 has
sigma-shaped source/drain regions 231, the target depth 223
for the recessed channel 226 may be set so that the recessed
surface 210RS is approximately at the same level or depth as
the peak penetration 213 A of the cavity 213. In one illustra-
tive embodiment, the etching process 235 exposes a surface
222 that is positioned in the <111> plane of the substrate 210.
More specific details of the geometry associated with the
disclosed example of the recessed channel 226 are shown in
FIG. 2G. Using the aforementioned wet, gaseous or plasma
etching process (or combinations thereof) to define the
recessed channel 226 may not result in the exposure of a
surface 222 that is positioned in the <111> plane of the
substrate 210 but would nevertheless produce some under-
cutting in the substrate 210 under the spacers 216.

Then, as shown in FIG. 2D, a sidewall spacer 224 is formed
on the sidewalls 220S of the initial gate opening 220 to define
a final gate opening 220q that is smaller (in width) than the
initial gate opening 220. The spacer 224 may be comprised of
avariety of materials, e.g., silicon nitride, silicon dioxide, and
its thickness may vary depending upon the particular appli-
cation. In one illustrative embodiment, the sidewall spacer
224 may be comprised of silicon nitride, it may have a thick-
ness that ranges from about 5-8 nm and it may be formed by
conformably depositing a layer of spacer material and there-
after performing a dry anisotropic reactive ion etching pro-
cess. Note that the spacer 224 substantially fills the space
between the surface 222 and the bottom of the spacer 216. It
should be further noted that, in the one particularly illustrative
example where the transistor 200 has sigma-shaped source/
drain regions 231, the inside 224A of the sidewall spacer 224
is approximately aligned with the peak penetration 213 A of
the cavity 213. By forming the spacer 224 inside the initial
gate opening 220, a non-square-edged corner 225 is formed at
the entrance of the final gate opening 220a. This non-square-
edged corner 225 may be rounded or chamfered. The non-
square-edged corner 225 may facilitate more efficient forma-
tion of various layers of material that will ultimately be
formed in in the final gate opening 220¢ in forming the
replacement gate structure. More specifically, the non-
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square-edged corner 225 may help reduce the likelihood of
void formation when such layers of material are being
formed. After the spacers 224 are formed, an anneal (e.g.,
about 700-1000° C. for a duration of milliseconds to a few
seconds) in, for example, a nitrogen/hydrogen ambient, may
be performed on the transistor 200 to repair any damage or
roughness on the recessed surface 210RS due to the anisotro-
pic etching process that was performed to form the spacers
224.

Next, as shown in FIG. 2E, various layers of material that
will constitute a replacement gate structure 250 are formed in
the final gate opening 220a. The replacement gate structure
250 may be formed using a variety of known techniques such
as those described in the background section of this applica-
tion. In one illustrative example, the replacement gate struc-
ture 250 is comprised of a high-k gate insulation layer 250A
having a thickness of approximately 2 nm, a work function
adjusting layer 250B comprised of a metal (e.g., a layer of
titanium nitride with a thickness of 2-5 nm) and a bulk metal
layer 250C (e.g., aluminum). As will be recognized by those
skilled in the art after a complete reading of the present
application, the insulating materials and the metal layer(s)
that are part of the replacement gate structure 250 may be of
any desired construction and comprised of any of a variety of
different materials. These metal gate electrode materials may
include, for example, one or more layers of titanium (Ti),
titanium nitride (TiN), titanium-aluminum (TiAl), aluminum
(Al), aluminum nitride (AIN), tantalum (Ta), tantalum nitride
(TaN), tantalum carbide (TaC), tantalum carbonitride
(TaCN), tantalum silicon nitride (TaSiN), tantalum silicide
(TaSi), and the like. Additionally, the replacement gate struc-
ture 250 for an NFET device may have different material
combinations as compared to a replacement gate structure
250 for a PFET device. Thus, the particular details of con-
struction of replacement gate structure 250, and the manner in
which such replacement gate structure 250 is formed, should
not be considered a limitation of the present invention unless
such limitations are expressly recited in the attached claims.
The methods disclosed herein may also employ replacement
gate structures 250 that do not employ a high-k gate insulation
layer; although a high-k gate insulation layer will likely be
used in most applications.

Next, as shown in FIG. 2F, a chemical mechanical polish-
ing (CMP) process is performed to remove excess portions of
the gate insulation layer 250A, the work function adjusting
layer 250B and the bulk metal layer 250C positioned outside
of'the final gate opening 220q to define the replacement gate
structure 250. Using the novel techniques disclosed herein, by
forming the recessed channel 226, the upper surface 231A of
the source/drain regions 231 is automatically positioned
above the schematically depicted channel 200T of the tran-
sistor 200 when the channel forms during operation. Addi-
tionally, by forming the recessed channel 226, the channel
200T may be positioned closer to various stress-inducing
materials to thereby enhance the performance of the transis-
tor. In the illustrative example where the transistor 200 has
sigma-shaped source/drain regions 231 that are formed so as
to induce the desired stress in the channel region 200T of the
transistor 200, the target depth 223 for the recessed channel
226 may be set so that the recessed surface 210RS is approxi-
mately atthe same level or depth as the peak penetration 213 A
of the cavity 213 and the stress-inducing material formed
therein.

As can be seen in the FI1G. 2F, the recessed surface 210RS
of the recessed channel 226 is separated from the upper sur-
face 210U of the substrate 210 by the tapered surface 222. In
one specific example, the tapered surface 222 may be posi-
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tioned in the <111> crystallographic plane of the substrate
210. With reference to FIG. 2G, the tapered surface 222 may
be formed at a downward angle of about 55 degrees (54.7)
relative to the upper surface of the substrate 210. It should be
further noted that due to the fact that the spacer 224 is thicker
at the bottom than it is at the top, the gate electrode portion
(considered as a whole) of the replacement gate structure 250
is wider at the top of the gate electrode than it is at the bottom
of'the gate electrode. Additionally, a portion of the spacer 224
is positioned under a bottom surface 216B of the spacer 216
and essentially fills the region between the overhanging por-
tion of the spacer 216 and the tapered surface 222.

At the point depicted in FIG. 2F, additional processing
operations may be performed to complete the formation of
the transistor 200, such as the formation of metal silicide
regions (not shown), the formation of conductive contacts
(not shown) to the source/drain regions 231 and the formation
of multiple metallization layers (not shown) above the tran-
sistor 200 using known techniques. Of course, the total num-
ber of metallization layers may vary depending on the par-
ticular device under construction.

The particular embodiments disclosed above are illustra-
tive only, as the invention may be modified and practiced in
different but equivalent manners apparent to those skilled in
the art having the benefit of the teachings herein. For example,
the process steps set forth above may be performed in a
different order. Furthermore, no limitations are intended to
the details of construction or design herein shown, other than
as described in the claims below. It is therefore evident that
the particular embodiments disclosed above may be altered or
modified and all such variations are considered within the
scope and spirit of the invention. Accordingly, the protection
sought herein is as set forth in the claims below.

What is claimed:

1. A method of forming a transistor, comprising:

forming a sacrificial gate structure above a layer of silicon;

forming a first sidewall spacer adjacent said sacrificial gate

structure;

removing said sacrificial gate structure to thereby define an

initial gate opening having sidewalls defined by said first
sidewall spacer and to expose a surface of said layer of
silicon;
performing an etching process on said exposed surface of
said layer of silicon to define a recessed channel in said
layer of silicon, wherein said etching process undercuts
a region beneath said first sidewall spacer;

after performing said etching process, forming a second
sidewall spacer within said region beneath said first side-
wall spacer and within said initial gate opening on said
sidewalls of said initial gate opening to thereby define a
final gate opening narrower than said initial gate opening
and expose said layer of silicon; and

forming a replacement gate structure in said final gate

opening.

2. The method of claim 1, wherein forming said replace-
ment gate structure comprises:

forming a gate insulation layer on said recessed channel;

and

forming a gate electrode above said gate insulation layer.

3. The method of claim 2, wherein said gate insulation
layer is a high-k insulating material and wherein said gate
electrode is comprised of a metal.

4. The method of claim 1, wherein performing the etching
process to define the recessed channel in said layer of silicon
comprises performing the etching process such that the
recessed channel has a non-square-edged floor.
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5. The method of claim 1, further comprising forming
source and drain regions for said transistor, said source and
drain regions having an upper surface that is positioned at a
level that is above a level of said recessed channel.

6. The method of claim 5, wherein said source and drain
regions are formed in sigma-shaped cavities formed in said
layer of silicon.

7. The method of claim 1, further comprising forming a
plurality of sigma-shaped source/drain regions for said tran-
sistor in said layer of silicon, said sigma-shaped source/drain
regions having peak inward penetration toward said recessed
channel, wherein a level of said peak inward penetration is at
a level that is proximate a level of said recessed channel.

8. The method of claim 7, wherein said level of said peak
inward penetration is at the same level as said level of said
recessed channel.

9. The method of claim 1, wherein the step of performing
said etching process on said exposed surface of said layer of
silicon to define said recessed channel in said substrate com-
prises performing a wet anisotropic etching process.

10. The method of claim 1, wherein the step of performing
said etching process on said exposed surface of said layer of
silicon to define said recessed channel in said layer of silicon
comprises performing a wet, dry or plasma etch process
exhibiting any combination of isotropic or anisotropic
mechanisms.

11. A method of forming a transistor, comprising:

forming a sacrificial gate structure above a layer of silicon;

forming a first sidewall spacer adjacent said sacrificial gate
structure;
forming a plurality of source/drain regions for said transis-
tor, said source/drain regions having an upper surface;

removing said sacrificial gate structure to thereby define an
initial gate opening having sidewalls defined by said first
sidewall spacer and to expose a surface of said layer of
silicon;
performing an etching process through said initial gate
opening on said exposed surface of said layer of'silicon,
wherein said etching process undercuts a region beneath
said first sidewall spacer to define a recessed channel in
said layer of silicon having a non-square-edged floor,
wherein said upper surface of said source/drain regions
is positioned at a level that is above a level of said
recessed channel;
after performing said etching process, forming a second
sidewall spacer within said region beneath said first side-
wall spacer and within said initial gate opening, wherein
said second sidewall spacer is disposed on said sidewalls
of said initial gate opening to thereby define a final gate
opening having a non-square-edged entrance and
wherein said final gate opening is narrower than said
initial gate opening and exposes said layer of'silicon; and

forming a replacement gate structure in said final gate
opening, said replacement gate structure comprising a
gate insulation layer comprised of a high-k insulating
material and a gate electrode comprised of at least one
metal layer.

12. The method of claim 11, wherein said source/drain
regions are sigma-shaped source/drain regions that have a
peak inward penetration toward said recessed channel, and
wherein a level of said peak inward penetration is at a level
that is proximate said level of said recessed channel.

13. The method of claim 11, wherein the step of performing
said etching process on said exposed surface of said layer of
silicon to define said recessed channel in said layer of silicon
comprises performing a wet anisotropic etching process.
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14. The method of claim 11, wherein the step of performing
said etching process on said exposed surface of said layer of
silicon to define said recessed channel in said layer of silicon
comprises performing a wet, dry or plasma etch process
exhibiting any combination of isotropic or anisotropic
mechanisms.
15. The method of claim 1, further comprising:
forming a second sidewall spacer adjacent said sacrificial
gate structure prior to removing said sacrificial gate
structure, wherein removing said sacrificial gate elec-
trode structure exposes said second sidewall spacer; and

forming said first sidewall spacer on said second sidewall
spacer.
16. The method of claim 11, further comprising:
forming a second sidewall spacer adjacent said sacrificial
gate structure prior to removing said sacrificial gate
structure, wherein removing said sacrificial gate elec-
trode structure exposes said second sidewall spacer; and

forming said first sidewall spacer on said second sidewall
spacer.
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